. List of the electron detectors and their corresponding collection angles that are used in the experiment and simulation. References (42-51) Section S1. Specimen preparation and characteristics Disks with a diameter of 3.05 mm diameter and a thickness of about 350 m thick were spark eroded from a titanium single crystal having a purity of 99.99% (as purchased from Goodfellow). The disks were mechanically polished on both sides to a final thickness of about 50-60 m using sequentially 1000, 2000 and 4000 grit SiC grinding paper. The mechanically polished disks were twin-jet electrochemically polished at room temperature using a TenuPol-3 from Struers. For the electrolyte a mixture of 600 ml methanol, 360 ml 2-butoxyethanol and 64 ml of perchloric acid (72%) was used. The applied bias voltage was 10 V, with maximum flowrate (10) of the electrolyte and maximum photosensitivity (10) of the photodiode. This resulted in a constant polishing current of 100 mA for 20 seconds until the polishing device detected perforation and stopped the polishing.
During this process of electrochemical polishing plate-shaped precipitates are produced within the titanium which (in a later stage) can be identified as -TiH. This process of hydride formation during electrochemical polishing is well-known (31, 34, 42, 43) . During this process the surface oxide on the titanium is continuously etched away into the liquid allowing hydrogen dissolution in the solid titanium. Since the solubility limit of hydrogen in Ti is low, the hydrogen easily precipitates in the form of thin -TiH platelets. We spent considerable time in characterizing and optimizing the electrochemical polishing process in order to obtain a desired structure with relatively long planar interfaces of the -TiH platelets in the Ti matrix without too much stresses and bending of the thin foil.
We analyzed the crystal orientation of the disk using electron backscatter diffraction (EBSD) in an FEI Nova NanoSEM 650 equipped with an Ametek EDAX-TSL EBSD system. A result from this analysis is shown in fig. S1 ; it can be concluded that the sample consists mostly out of a millimeter sized grain with the c-axis tilted about 35° from the plane normal. However, there are also micrometer thick bands, extending throughout the millimeter sized crystal, that have the c-axis approximately in plane. To obtain specimen with the desired c-axis normal to the sample plane we extracted lamellae from these thinner bands using a Helios G4 CX dual beam system with a Ga focused ion beam (FIB). A lamella was attached to a Cu TEM grid and thinned to electron transparency using progressively lower accelerating voltage from 30 kV down to 1 kV. During this stage the plate-shaped precipitates can be observed readily and they even show some further growth. The FIB thinned lamella was finally polished for 60 seconds on each side using a Gatan PIPS II Argon ion polishing system operating in stationary mode at 0.3 kV with gun angles of ±10°. Prior to S/TEM imaging, we plasma cleaned the TEM grid with the FIB lamella for three minutes with a Fischione Model 1070 plasma cleaner, using a gas mixture of 25% O2 and 75% Ar.
An overview image of the -TiH precipitates is shown in fig. S2A . Despite the careful thinning procedure, we observed with S/TEM that the -TiH precipitates are amorphous close to the edge of the lamella where the foil is the thinnest (see fig. S2B ). As a consequence we were forced to image the interface relatively far away from the edge. For example, the images of the interface that we present in Figure 2 of the main article are captured from an area indicated by the white rectangle in fig. S2A . This area is approximately 100 nm away from the edge, and we estimate the local thickness to be in the range of 30-40 nm based on careful comparison with image simulations. In bright-field TEM analysis we observe bending contours that extend far into the specimen (i.e. covering all areas that are still relatively thin). The crystal bending is a feature of the specimen that is inherent to the incorporation of the -TiH precipitates, with about 15% larger unit cell volume compared to the host Ti. With the Kikuchi patterns that we used to align the crystal we observed that the smallest length scale of the crystal bending is of the order of several nanometers. The crystal was also bent across the lamella with a periodicity of the order of hundreds of nanometers; however this is irrelevant considering the used field-of-view during imaging. After aligning the crystal as good as the specimen allowed at low magnification (with a field-of-view several hundreds of nanometers), we used the Kikuchi pattern to find areas close to the interface that were correctly aligned. With this approach we were able to capture the interface with atomic resolution; however a new issue that we encountered many times is that only one of the two phases, either the  -Ti or the -TiH, was properly resolved.
An example that shows the crystal misalignment along the interface is depicted in fig. S3 . Here the interface was imaged with atomic resolution using HAADF-STEM ( fig. S3A ) and iDPC-STEM ( fig. S3B) simultaneously. In the HAADF-STEM image both crystals are resolved with high quality at the top of the image, but the quality starts to degrade from around the center towards the bottom of the image. We note that the interface is not atomically sharp; however this is not necessary to demonstrate the point here. At the lower part of the image the closest Ti columns in the host matrix are not separately resolved, but form streaks perpendicular to the interface. This is an effect of local stresses in the system (especially perpendicular to the interface where there is a 16% lattice mismatch between the precipitate and the matrix) that induce crystal bending such that the close Ti columns form streaks in projection. The misalignment of the Ti matrix is more apparent in the iDPC-STEM image, where only in the top 5 nm the -Ti and -TiH are of rather good quality.
In the remaining part of the image the Ti matrix forms streaks similarly to the HAADF-STEM image.
Furthermore, in the top part of the HAADF-STEM image there is an intensity difference of adjacent Ti atom columns in the HCP Ti. Since it is unlikely that these atomic columns differ, this observation strongly suggests the presence of a relatively large third-order astigmatism aberration. This aberration causes three-fold symmetric probe tails that can generate these effects when the azimuth of the three-fold symmetric probe tails matches that of the six-fold symmetric hexagonal lattice (44).
Considering all these characteristic imperfections of the specimen, we had to find areas where the local stresses were minimal such that both phases at the interface could be resolved with atomic resolution. In practice this means that we (1) aligned the crystal locally at relatively low magnification as good as possible (2) captured several images with high resolution (e.g. 1024x1024 pixels up to 4096x4096 pixels) and step sizes of 5 up to 25 pm with a pixel dwell time of 5-10 s (3) selected well aligned parts of the image based on the combined quality of the simultaneously acquired HAADF and iDPC or ABF image. 
Section S2. Identification of the -TiH phase with electron energy loss spectroscopy (EELS)
We acquired spatially resolved electron energy loss spectra (EELS) of areas containing the Ti matrix and the -TiH precipitates with a Thermo Fisher Scientific TM Themis Z S/TEM system operating at 300 kV equipped with a Gatan Enfinium 977 system. Spectra were extracted from equally sized areas in the Ti matrix and -TiH precipitate ( fig. S4 ). From the low electron energy loss part we obtain the locations of the plasmon peaks in Ti and in -TiH at 17.6 eV and 19.4 eV, respectively, which matches well with previous studies (typically 17.6 eV and 19.6 eV) (43, 45) and thus can be used as a verification that -TiH precipitates are formed. 19.85 eV) shows the area from which we extracted the electron energy loss spectra. The -TiH precipitates appear with higher intensity compared to the darker Ti matrix due to the filtering. (B) The equally sized yellow and pink areas in (A) are integrated to yield the spectra for respectively -Ti and -TiH. The peaks close to 20 eV correspond to the plasmon peaks, and are a fingerprint for the two phases.
From the high electron energy loss part of the spectrum we investigated if contaminants/dopants are present because titanium has a high affinity for carbon, nitrogen and oxygen ( fig. S5 ). The spectrum only contains an ionization edge starting at 456 eV which belongs to Ti L 2,3 edge (462 eV and 456 eV, respectively), and no signs of carbon, nitrogen and/or oxygen are present in the spectrum, because the C K edge (284 eV), N K edge (401 eV) and O K edge (532 eV) are missing. Hence, based on the EELS analysis we conclude that titanium hydride precipitates are present without any noticeable contaminants/ dopants. 
Section S4. Filtering procedure of the experimental images
All experimental images have been filtered identically with a high-pass Gaussian filter and an average background subtraction filter (ABSF) (46) (freely available at http://www.dmscripting.com/hrtem_filter.html).
The high-pass Gaussian filter (with a standard deviation of 1.1 nm -1 , equivalent to 2.1 mrad) only attenuates information at low spatial frequencies and retains high frequency information e.g. this filter removes visualized carbon contamination and thickness variations, but keeps the atomic structure untouched. The average background subtraction filter removes background information (like noise and diffuse amorphous rings) from the entire Fourier spectrum of the image. The effect of the filters on the HAADF, ABF and iDPC images is shown in fig. S6 .
The high-pass Gaussian filter is particularly helpful for the techniques that transfer low spatial frequency information i.e. HAADF and iDPC. However, this filter has most effect on the iDPC image, since carbon contamination is best visualized in the iDPC image as it is more sensitive to light elements than HAADF. It has a minor effect on the ABF image, as it does not image low spatial frequency information. The ABSF enhances the contrast of all images, but has most effect on the HAADF and ABF images. The high-contrast raw HAADF image is already interpretable, and this is further enhanced by noise removal due to the ABSF.
The ABSF is, however, crucial for the ABF images, because these images are noisy, which obscures the crystalline structure to a large extend. The iDPC image is improved as well, however the carbon contamination remains.
For a fair comparison between the images it is therefore required to combine the two filters. In that case the HAADF and ABF are mainly enhanced by the ABSF, and the iDPC image by the high-pass Gaussian filter.
This also gives the best average signal-to-noise ratio (SNR) of the hydrogen signal in the ABF and iDPC images (see insets in fig. S6 ). The average signal-to-noise ratio of the hydrogen signal is shown in the top left corner of each image.
Section S5. Reciprocal space analysis of the hydrogen signal in -TiH
We compare the Fourier Transforms (FT) of the images in Fig. 2A-D In the case of the HAADF image there is no {110} peak present, but only a minor amount of streaking intensity that originates from the nearby -Ti{10-10} peaks. In the dDPC image the relative intensity is close to half the value of the ABF and iDPC images. The ABF and iDPC images contain the highest relative strength of the super-reflections and are remarkably similar, indicating that the long-range {110} ordering is equally present in both images. Despite this similarity of the ABF and iDPC images in reciprocal space, the iDPC image has a significantly better short-range transfer of intensity of the hydrogen columns in real space (compare Figs. 2B and C of the main article).
The apparent discrepancy between the reciprocal space analysis and real-space analysis is caused by an imaging artefact in the ABF image. This is pointed out in the main article with Fig. 3B . There the average intensity profiles reveal that the Ti intensities are also modulated with a {110} periodicity. Hence, the combined effect of the hydrogen ordering in the -TiH crystal and the image artefact of the Ti atom column intensities, lead to the increased intensity of the {110} reflection in the FFT of the ABF image. Hence, the actual {110} intensity from the hydrogen atoms in the ABF image is lower than the iDPC image.
Section S6. Multislice STEM simulations
The three-dimensional models of -TiH and its interface with -Ti are constructed with VESTA ( linearly extrapolated the Debye-Waller factor for H from the same table using the listed group I elements. It is assumed that the microscope has no aberrations except for defocus, and the operating conditions are set equal to the experimental settings of 300 kV and a convergence angle of 21 mrad. In experiment, the corrector software reduces the high order aberrations to values close to zero, the first order aberrations (A1 and C1) to values below 0.5 nm and second order aberrations (A2 and B2) to values in the range of 5 nm. The probe step size is set to 10 pm or lower, depending on the size of the simulated image. The detectors and their collection angles are given in table S1, which are equivalent to the calibrated experimental values. The final simulated ABF and HAADF images are then convolved with a two dimensional Gaussian function of 70 pm FWHM to account for the finite probe size. In addition to the normal ABF image, we also add the images from the four quadrant detectors to obtain an ABF-like image that we call DPC sum. The difference is that the inner collection angle is a bit smaller, and the outer collection angle extends into the dark field part of the diffraction pattern. The images from the DPC_(A-D) detectors, however, are first processed to obtain the iDPC image, according to the method described in the work of Lazic et al. (21) . This processing procedure is as follows: first the opposite segments are subtracted (i.e. DPC_A -DPC_C and DPC_B -DPC_D, in the detector coordinates system) to obtain the orthogonal (x,y) differential phase contrast (DPC) images DPC x and DPC y by rotating the vector components to match the scanning (image) coordinates system (27). Periodic boundary conditions are constructed for the (non-periodic) interface by mirroring the DPC x and DPC y images, which is necessary to prevent aliasing effects for the simulations that cover a small field-of-view (50). Next, the DPC x and DPC y images are integrated in the Fourier domain to obtain the Fourier transformed iDPC image
Where and are the orthogonal k-vector components in the Fourier domain. The intensity in the Fourier transformed iDPC image at = = 0 is set to 0 to account for the singularity, before inverse Fourier transforming to obtain the real space iDPC image. Note that this is merely a constant that shifts the intensity of the image. Next, the iDPC image is convolved with the two dimensional Gaussian function of 70 pm FWHM to account for the finite probe size.
The iDPC image that is corrected for the finite probe size is used to obtain the DPC vector image and dDPC scalar image. The DPC image is obtained from the gradient of the iDPC image, which returns the two in-plane (x,y) vector components of the DPC image. This provides a physically regularized DPC image, where the non-conservative part of the noise is removed (21, 27) . Differentiating once more, by applying the divergence operator to the DPC vector image, yields the dDPC scalar image.
Section S7. Multislice simulations of the -TiH unit cell with and without hydrogen atoms
In this section we show that the observed peaks in the experimental images, as depicted in Figure 4 of the main article, are indeed a result of the hydrogen atoms, instead of being an image artifact that stems from interference effects. For this purpose, we have simulated the -TiH unit cell with hydrogen atoms and without hydrogen atoms. In fig. S8 we present the simulated ABF, DPC sum and iDPC images for the empty (fig .   S8A ) and filled ( fig. S8B ) -TiH unit cell. In this figure the intensity profile along the face diagonal ( fig.   S8A ), or a combined result of the two face diagonals ( fig. S8B ) is mapped as a function of thickness. In this way the intensity profile contains three Ti atomic columns and two empty columns in fig. S8A , and three Ti atomic columns, one empty column and one hydrogen atomic column in fig. S8B . The lower half of the figure shows the simulated images for a selection of specimen thickness' in steps of 9.2 nm (or 20 unit cells).
In case of the ABF and DPC sum images, four broad peaks are present between the Ti columns in fig. S8A for crystals thinner than about 12 nm and 6 nm, respectively. The iDPC image also shows this feature but for crystals with a thickness around 15-25 nm. This demonstrates that when no hydrogen atoms are present, the erroneous conclusions can be drawn that a dihydride crystal has been imaged, where the four tetrahedral columns are filled with hydrogen atoms. The simulated images of the normal -TiH unit cell ( fig. S8B) show that the hydrogen columns can be imaged by the three methods since relatively bright peaks at the expected position are observed in all cases. The highest relative intensity of the hydrogen columns is achieved with iDPC, followed by DPC sum and least with ABF. In the case of ABF the crystal should be thinner than about 35 nm, otherwise the intensity from the hydrogen column is drastically reduced. The DPC sum image is able to transfer the signal from the hydrogen column with a rather stable contrast even for relatively thick specimen. However, the intensity at the location of the hydrogen column does not resemble a well-defined peak. This is clearly better in case of iDPC, where the contrast of the hydrogen column is the highest, and also a well-defined peak shape occurs.
Results like shown fig. S8B hold for single defocus values. We repeated this for different defocus values and quantitatively analyzed and plotted all results in fig. S9, fig. S10 and fig. S11 , for ABF, DPC sum and iDPC imaging, respectively. In fig. S9A ,B the relative intensity of the hydrogen column and titanium column w.r.t.
the empty column is plotted. This indeed shows that for ABF imaging the contrast reversal of the hydrogen and empty column at zero defocus (which is the operating value in experiment) for crystals thinner than about 10 nm. For more negative defocus, the contrast reversal increases in magnitude and extends to slightly thicker crystals, and also the contrast between the titanium column and empty column is reversed. For more positive defocus the contrast between the titanium column and empty column is again reversed. Hence, for ABF imaging it is crucial to stay close (f=±4 nm or smaller) to zero defocus.
The same result is shown in fig. S10 , but now for the DPC sum image. This result is similar to the case of ABF, but with slightly less oscillatory behavior. The contrast reverses between the hydrogen and empty column only for negative defocus values for crystals thinner than about 10-20 nm. However, the contrast reverses between the titanium column and the empty column for both positive and negative defocus values. In fig. S10C it is also apparent that the relative intensity of the hydrogen column w.r.t. the Ti column is remarkably independent from the crystal thickness, as has been shown in fig. S8B . However, also for DPC sum imaging it is crucial to stay close (f=±4 nm or smaller) to zero defocus.
Finally, the analysis of the iDPC imaging is shown in fig. S11 . Contrast reversals between the titanium and empty column occur for all positive defocus values, and occur between the hydrogen and empty column for positive defocus values larger than 4 nm. However, for negative defocus values there are no contrast reversals, except for crystals thinner than about 4 nm for the most negative defocus value of -8 nm that we simulated.
Physically this means that in the case of iDPC it is important to focus the probe into the specimen i.e. below the top surface. The value of the defocus is only limited by the specimen thickness, as it is the depth at which the projected electrostatic potential is probed by the converged beam waist allowing atomically resolved 3D iDPC imaging (51). In addition, it shows enhanced contrast between the hydrogen and titanium columns as plotted in fig. S11C .
The above image simulations clearly demonstrate that iDPC imaging provides better results than ABF and DPC sum imaging with best localization and highest contrast of the hydrogen column, largest thickness and defocus ranges without disturbing contrast reversals and oscillatory behavior. 
Section S8. Multislice simulations of the tilted -TiH unit cell with and without hydrogen atoms
In the experiments the local alignment of the specimen was constrained by the small length scale crystal bending. From the experimental images usually only a small part was well aligned, which we assessed based on the combined quality of the HAADF and iDPC or ABF images. The combined effect of crystal tilt and the wave character behavior of particularly the iDPC and ABF imaging could potentially induce imaging artefacts that lead to erroneous detection of atomic columns. Therefore, we investigate if crystal tilt can introduce peaks in the image that could be wrongly attributed to hydrogen atomic columns.
To this purpose we have performed multislice image simulations of a titled -TiH unit cell, with and without the hydrogen atoms. We applied a crystal tilt of 0.5° (8.7 mrad) in x and y direction (i.e. the unit cell is tilted along a face diagonal), as these were approximately the maximum misalignments we encountered in experiments, especially near the interface. The reason why we chose to tilt the crystal along the face diagonal is that crystal tilt in the x or y direction would certainly not generate the asymmetry of intensity peaks that we observe i.e. this will not produce the ordered {110} type of intensity peaks.
We present the results of these image simulations in fig. S12 in the same way as we presented fig. S8 .
However, now we show the intensity profile of the entire face diagonal only in the tilt direction in fig. S12B , instead of the combined profile of both diagonals like we presented in fig. S8B . We cannot use the intensity profile of the other (anti-)diagonal due to streaking of the titanium atomic columns. The intensity maps at the top panel can be used to compare the empty ( fig. S12A ) and hydrogen ( fig. S12B ) columns.
For the three imaging techniques the titanium atomic columns in fig. S12A have asymmetric shapes as a consequence of the crystal tilt. The titanium atomic columns also appear to be displaced with respect to their actual position. This effect is mostly visible for ABF and DPC sum, and only minimally for iDPC where the atomic columns remain most localized. Furthermore, the apparent position of the atomic columns is very sensitive to thickness and can show relatively large jumps for minor increases in crystal thickness. This is most visible for DPC sum and ABF for about 15 nm thick crystal, and again at around 40 nm.
More relevant is that the empty unit cell (see Figure 12A ) contains apparent atomic columns between the titanium columns only for the DPC sum image, and not for ABF and iDPC images. When the crystal is not tilted, there are apparent atomic columns for all three imaging techniques. Hence, when the crystal is tilted, interference effects are reduced for ABF and iDPC, but not for DPC sum. When hydrogen atoms are present (see fig. S12B ) then only DPC sum and iDPC show visible contrast between the hydrogen and empty column, and ABF does not. The resulting checkerboard-like pattern remains most clearly visible when the crystal is thinner than about 30 nm for DPC sum imaging, as the contrast reduces for thicker crystals. Whereas the contrast remains best for iDPC imaging even for thick crystals.
Overall, these results demonstrate that iDPC imaging is least sensitive towards crystal tilt on several aspects.
iDPC imaging shows the least atomic column displacement, and remains capable of imaging hydrogen atomic columns even for thick crystals despite the rather extreme crystal tilt. In contrast, ABF and DPC sum imaging show substantial displacement and also sudden jumps in apparent atomic column position. Furthermore, ABF imaging is not able to transfer any significant signal from the hydrogen columns and DPC sum imaging can do this only for crystals thinner than about 30 nm. 
